Introduction
============

Doxorubicin (DOX), a member of the anthracycline antibiotic family, was originally extracted from *Streptomyces peucetius var*. *caesius*.[@b1-dddt-12-2361] Rather than displaying antimicrobial properties, DOX and other anthracyclines have been shown to have strong cytotoxicity, and therefore, DOX derivatives are generally used as chemotherapeutic agents. To date, DOX is the most widely used drug in standard chemotherapeutic regimens and is used to treat a wide range of solid and hematologic malignancies.[@b2-dddt-12-2361],[@b3-dddt-12-2361] Several studies have suggested that DOX has complex cytotoxic activities that are not fully understood. DOX directly diffuses into the cell cytoplasm and binds to the cytoplasmic proteasome's 20S subunit.[@b4-dddt-12-2361] Once the DOX-proteasome complex has entered the nucleus via nuclear pores, it then inhibits topoisomerase II, the key enzyme that maintains DNA tension.[@b5-dddt-12-2361],[@b6-dddt-12-2361] In addition, DOX also intercalates to the DNA strand, preferably at cytosine-guanine nucleotide pair.[@b7-dddt-12-2361]--[@b9-dddt-12-2361] These intranuclear processes are considered to be the main mechanisms by which DOX cytotoxicity leads to apoptosis.[@b10-dddt-12-2361] DOX can generate cytotoxicity by inducing oxidative stress. The reductive activation of the aglycone structure of DOX leads to the formation of semiquinone radicals, which are powerful reactive oxygen species (ROS) that can cause ROS-mediated cell death.[@b11-dddt-12-2361]--[@b13-dddt-12-2361] Mitochondrial dysfunction, P53, and AMP-activated protein kinase activation are also involved in DOX-induced apoptosis.[@b14-dddt-12-2361]--[@b16-dddt-12-2361] Recently, DOX was proposed to cause cell death through autophagy and necrosis via poly (ADP-ribose) polymerase-1 (PARP-1)-induced DNA damage.[@b17-dddt-12-2361] Interestingly, inhibition of one of these pathways did not circumvent DOX-mediated cell death. This observation suggests that these cytotoxic effects may act together.

Tumor drug-resistance is widely recognized as being one of the most important clinical issues currently being faced by oncologists. Upregulation of the multidrug resistance (MDR) gene is one of the main mechanisms of resistance employed by numerous anti-cancer drugs, including DOX.[@b18-dddt-12-2361]--[@b21-dddt-12-2361] MDR encodes P-glycoprotein (P-gp), which is an ATP-binding cassette pump that is responsible for the efflux of DOX out of the cells. A previous study demonstrated that P-gp actively promotes the efflux of DOX from the nucleus, where the drugs bind to both TOPO II and DNA.[@b22-dddt-12-2361] Pharmacological blockage as well as gene-targeted downregulation of the P-gp pump have been shown to reverse DOX sensitivity. Therefore, many research groups have focused on developing methods to downregulate P-gp in an attempt to overcome DOX-resistance in cancer cells.[@b23-dddt-12-2361]--[@b28-dddt-12-2361]

A number of DOX derivatives have been constructed to date, and those derivatives have shown additional properties compared to DOX.[@b29-dddt-12-2361]--[@b33-dddt-12-2361] We believe that modification of DOX is another possible approach that might overcome P-gp efflux. In this study, we took simple bio-conjugation to covalently conjugate DOX to dexamethasone, a potent, synthetic, lipophilic hormone. Our results demonstrate that the conjugated molecule, designated as DexDOX, has potent cytotoxic effects. However, these effects appear to be different to those of DOX. Furthermore, the new molecule was also able to escape MDR-1 overexpression-induced resistance, and therefore, this derivative may have potential for use as a future therapeutic agent.

Materials and methods
=====================

Cell lines and cell culture
---------------------------

The human breast cancer cell line, MCF-7, was obtained from the American Type Cell Collection (ATCC; Manassas, VA, USA). The cells were cultured to 70%--80% confluence in Dulbecco's Modified Eagle's Medium (DMEM; Gibco^®^, Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (FBS) (Gibco^®^) at 37°C and 5% CO~2~.

MDR-1 overexpression
--------------------

To stimulate drug-resistance in MCF-7, we transfected MCF-7 cells with an ABCB1 pCMV GFP-tagged plasmid (OriGene Technologies Inc., Rockville, MD, USA). One day prior to transfection, the cells were plated at 10,000 cells per cm^2^ in a 25-mL flask. Transfection was performed by mixing 2 μg of ABCB1 pCMV GFP-tagged plasmid with Xfect transfection reagent (Clontech, Takara Bio USA Inc., Mountain View, CA, USA) to a final volume of 100 μL. Next, 2.5 μL of Xfect polymer was added into the tube containing the plasmid. The tube was then vortexed and incubated for 10 min at room temperature (RT). The contents of the tube were then added to the cells. Our preliminary analysis showed that approximately 85% of the cells were expressing GFP at day 5 following transfection.

One-pot, two-step conjugation of dexamethasone to DOX
-----------------------------------------------------

One-pot, two-step reactions were performed as follows. In the first step of the reaction, equal moles of DOX (Selleck Chemicals, Houston, TX, USA) and 2-iminothiolane (Sigma-Aldrich Co., St Louis, MO, USA) were mixed together in DMSO (Sigma-Aldrich Co.) for 48 h at RT. Equal moles of dexamethasone (Selleck Chemicals) comparing to the moles of DOX in DMSO were then added dropwise to the first reaction, and then mixed, and incubated for 96 h at RT. The products were further purified by flash chromatography using a pre-cast silica column (StarFlash™ Column, Starlab Scientific Co Ltd, Xi'an City, Shaanxi Province, People's Republic of China). In some experiments, the products were dialyzed in deionized water with a molecular weight cutoff of 1,000 Dalton (Pur-A-Lyzer™ Mega 1000 Dialysis Kit, Sigma-Aldrich, St Louis, MO, USA) before carrying out the flash chromatography. The chromatography fractions were dried via negative pressure evaporation. The product was kept dry by placing it into a desiccator.

Thin-layer chromatography (TLC)
-------------------------------

TLC was performed at each step of the reaction and purification process. Samples were dropped onto and dried in pre-cast silica gel (Miles Scientific, Newark, DE, USA). TLC was run using a 15:1.5:5 ratio of chloroform:acetic acid:methanol (V/V). The gels were then either directly visualized or visualized under UV light.

Mass spectroscopy
-----------------

Molecular weight of DexDOX was determined by atmospheric pressure chemical ionization (APCI) microTOF mass spectroscopy (Bruker Biosciences Corporation, Billerica, MA, USA). The sample was dissolved in 0.05% formic acid in methanol (v/v). The acquisition parameters of operating were positive ion polarity, 5,000 V capillary, 1.6 Bar nebulizer, 200°C dry heater, and 8.0 l/min dry gas. The spectrum was scanned from 100 m/z to 1,800 m/z.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay
-------------------------------------------------------------------------

MCF-7 cells and MDR-1-transfected MCF-7 cells were plated overnight in a 96-well plate (4,000 cells per well). Cells were treated with either DOX at a final concentration of 0--12.5 μg/mL or DexDOX at a final concentration 0--120 μg/mL in triplicate for 24 h. Next, 10 μL/well of WST-1/ECS solution from the Quick Cell Proliferation Colorimetric Assay Kit (BioVision, Inc., Milpitas, CA, USA) was added, and the solution was incubated for 2 h at 37°C and 5% CO~2~. Absorbance was measured at 480 nm with the Biochrom Anthos 2010 microplate reader (Biochrom Ltd, Cambourne, Cambridge, UK). IC50s were calculated from linear regression from the absorbance OD of each triplicate concentration.[@b34-dddt-12-2361]

Video confocal fluorescence microscopy
--------------------------------------

Confocal microscopy was performed to allow analysis of the intracellular distribution and cytopathic effects. Microscopy was performed using an LSM 800 confocal microscope (Carl Zeiss Meditech AG, Jena, Germany). Low numbers of MCF-7 cells were seeded into 24-well plates (3,000 cells/well) overnight. On the day of the experiment, culture media was replaced with 10% FBS DMEM added as a supplement, together with either 100 μg/mL DexDOX or 3 μg/mL DOX (approximately IC60). Videos were recorded using ZEN software version 2.1, every 20 min for a total duration of 12 h.

Flow cytometry for cell cycle analysis and apoptosis detection
--------------------------------------------------------------

MCF-7 cells were treated with either 100 μg/mL of DexDOX or 3 μg/mL of DOX for 48 h. Both adherent and floating cells were collected and washed twice with cold PBS. The cell pellet was resuspended in 200 μL of PBS, and then, 10 μL of PI staining mixture was added to each of the samples. The samples were then incubated for 30 min at RT. Analysis was carried out using FACs Calibur (BD Biosciences, San Jose, CA, USA). For analysis of apoptosis, cells were stained with FITC Annexin V Apoptosis kit and PI (BioLegend^®^, San Diego, CA, USA) according to the manufacturer's protocol.

Fluorescent microscopy of dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay
--------------------------------------------------------------------------------

MCF-7 cells were seeded overnight into 8-well chamber slides at 4,000 cells per well. Cells were washed with HBSS buffer. Pre-warmed DCFH-DA solution was then added to a final concentration 100 μM. Next, the cells were incubated for 30 min at 37°C, 5% CO~2~. The DCFH-DA solution was then removed. Fresh media containing either 3 μg/mL of DOX or 100 μg/mL of DexDOX was then added. The expression of dichlorofluorescin (DCF) in treated cells was observed at 0, 20, 40, and 60 min by fluorescent microscopy (Olympus BX51, Tokyo, Japan) and images taken using the Olympus DP71 system.[@b35-dddt-12-2361]

Statistical analysis
--------------------

Numerical data are expressed as mean ± SD. Comparison between two groups was assessed by paired *t*-tests (SPSS version 13). A *P*-value \<0.05 was considered to be statistically significant.

Results
=======

Purification and characterization of DexDOX product
---------------------------------------------------

The conjugation process was carried out in DMSO at RT. The product was purified by flash chromatography. The fractions collected from the chromatography were then subjected to vacuum drying, resulting in a dried purple material. This material could not be dissolved in water, methanol, or ethanol, suggesting that the molecule is strongly non-polar ([Figure 1A](#f1-dddt-12-2361){ref-type="fig"}). TLC analysis showed the presence of a single band that had a different retardation factor (Rf) to the original molecule and to unpurified products ([Figure 1B](#f1-dddt-12-2361){ref-type="fig"}). The solution of purified product in DMSO showed a purple color and had a peak absorbance wavelength at 505 nm as compared to 484 nm for DOX ([Figure 1C](#f1-dddt-12-2361){ref-type="fig"}). APCI mass spectroscopy revealed that the molecule had a mass of 1,037 Dalton ([Figure 1D](#f1-dddt-12-2361){ref-type="fig"}). Based on these findings, we postulated the most likely chemical structure of the conjugated molecule in [Figure 1A](#f1-dddt-12-2361){ref-type="fig"} and designated the molecule as DexDOX.

Cytotoxicity of DexDOX in MCF-7 cells
-------------------------------------

We evaluated the antiproliferative effect of DexDOX by MTT assay. Following a 24 h exposure to varying concentrations of DOX and DexDOX, the number of viable MCF-7 cells were found to decrease. An average of calculated IC50s for DexDOX from four, independent experiments was 90.31±7.3 μg/mL. In contrast, the average IC50s for DOX under the same conditions was 2.8±0.9 μg/mL. This result clearly indicates that DexDOX has less cytotoxicity to MCF-7 cells than DOX.

Differences in cellular distribution of DexDOX and DOX
------------------------------------------------------

Cellular entry of DexDOX was evaluated by flow cytometry analysis. MCF-7 cells were treated with DexDOX or DOX for 2 h prior to flow cytometry analysis. The results indicate that about 70% of DexDOX-treated MCF cells and almost all of the DOX-treated cells emitted a fluorescence signal at the time of flow cytometry analysis ([Figure 2](#f2-dddt-12-2361){ref-type="fig"}). As both DOX and DexDOX emitted fluorescent signals, we employed live cell confocal video microscopy to study the intracellular distribution of both molecules. The fluorescence signals of DOX were found to increase gradually over time during the observation period. The signals were observed in both the cytoplasm and nucleus, but predominately inside the nucleus ([Figure 3](#f3-dddt-12-2361){ref-type="fig"}). Interestingly, the number of pyknotic cells (arrow), which indicate the presence of apoptotic cells, gradually increased with increased intranuclear accumulation of DOX. The intracellular distribution and the accumulation of DexDOX observed were different from that of DOX. Fluorescence signals of DexDOX peaked at 3 min after exposure, suggesting that this molecule was more efficient at entering MCF-7 cells than DOX. The DexDOX fluorescence signal rapidly decreased. Notably, apoptotic cells were observed at the early phase of the exposure to DexDOX, and their numbers increased further as the fluorescence signal decreased. Interestingly, fluorescence signals from DexDOX were observed only in the cytoplasm, suggesting that this molecule could not enter the nucleus. Taken together, these differences in the patterns of cellular diffusion and distribution suggest that the mechanisms of cytotoxicity employed by DexDOX and DOX are not identical.

DexDOX-induced cell death via ROS generation, independent of the cell cycle interruption
----------------------------------------------------------------------------------------

Flow cytometry analysis of the cell cycle showed that under the conditions used, the majority of the MCF-7 treated with DOX, 55.0%±1.3% of the cells were in G0/G1 phase and approximately 27.4%±0.7% of the cells were in G2/M phase. In contrast, 48 h treatment of the cells with DexDOX did not affect cell cycle progression, about 75.4%±2.2% of the cells were in G0/G1 and 11.5%±1.4% were in G2/M phase as compared to the untreated cells in which 77.4%±2.4% and 10.4%±1.8% of the cells were in G0/G1 and G2/M, respectively ([Figure 4A](#f4-dddt-12-2361){ref-type="fig"}). Flow cytometry of Annexin V showed that following a 48 h exposure to DOX, approximately 70% of the cells were Annexin+ PI−, indicating that those cells were in an early apoptotic phase/state. In contrast, exposure of DexDOX showed the presence of double-positive Annexin V and PI, indicating that the cells were in late apoptosis ([Figure 4B](#f4-dddt-12-2361){ref-type="fig"}). These findings supported the results of video confocal microscopy, which showed that an early apoptosis occurred following exposure to DexDOX. To further understand the mechanisms leading to cell death, we indirectly evaluated intracellular ROS generation in DexDOX-treated cells. The expression of intracellular DCF, an oxidized product of DCFH-DA, was subsequently analyzed. Our results demonstrate that DexDOX increased DCF expression during the early phase of the cell cycle (20--60 min) ([Figure 4C](#f4-dddt-12-2361){ref-type="fig"}). The increase in DCF signals during the first 60 min suggested that cellular ROS increased during this period.

DexDOX can overcome MDR-1-induced resistance in MCF-7 cells
-----------------------------------------------------------

We tested the effect of DexDOX in MDR-1-overexpressing cells. Five days following transfection, approximately 87% of MCF-7 cells displayed a green fluorescent signal. The MTT assay showed that MDR-1-transfected cells could be defined as being resistant to DOX. The IC50s of DOX in MDR-1-transfected cells were 45.15±7.1 μg/mL, or approximately 16-fold of the IC50s of DOX in MCF-7 cells. In contrast, the IC50s of DexDOX in MDR-1-overexpressing cells were 101.82±14.0 μg/mL, which did not differ to those of the control, MCF-7, indicating that overexpression of MDR-1 did not lead to a decrease in the cytotoxicity of DexDOX ([Figure 5](#f5-dddt-12-2361){ref-type="fig"}).

Discussion
==========

Bio-conjugation, a process used to attach a bioactive molecule to another molecule via a covalent bond, leads to the formation of a novel chemical structure with may have enhanced properties compared to those of the original molecule. In this study, we synthesized a novel derivative of DOX by simple conjugation with dexamethasone. The chemical reaction is simple and does not require any catalyst or exogenous energy. We have demonstrated that the new derivative has considerable cytotoxicity, but acts via a different mechanism to that of DOX.

Dexamethasone is a potent glucocorticoid analog, synthetic, lipophilic, and hormone-based drug that is widely used to treat a variety of medical conditions and is included in many standard chemotherapeutic regimens. The 3′ amino group in the sugar moiety of DOX which was the conjugation site is known to be a crucial site allowing the DOX molecule to intercalate to the cytosine molecule in the DNA strand. Therefore, it is hypothesized that modification at this residue is likely to interfere with DNA intercalation and topoisomerase inhibition, both of which are known to be key cytotoxic mechanisms employed by DOX. Our video-assisted microscopy study clearly demonstrated that DexDOX did not enter the nucleus showing an obvious difference with DOX in this respect.

Interestingly, transferrin-conjugated DOX that was modified at the 3′ amino group, was also found to be unable to enter the nucleus.[@b33-dddt-12-2361] Taken together with our results, the data suggest that this amino group of the sugar moiety may be crucial for giving these molecules the ability to enter the nucleus.

Despite a loss of ability to enter the nucleus, DexDOX elicited potent and rapid cytotoxicity. This molecule showed a greater efficiency in cellular penetration than DOX. This may be due to the lipophilic property of dexamethasone. Peak cytoplasmic fluorescence emission occurred within the first 3 minutes of exposure to DexDOX and was followed by a rapid loss of fluorescence signal. Interestingly, initiation of apoptosis was found to coincide with loss of DexDOX's fluorescence signal. It is known that the fluorescence signal of DOX and other anthracyclins originates from a free electron traveling along the aglycone structure. However, fluorescence signal loss in our experiment is too rapid to be the result of energy consumption efflux pump function. Therefore, we speculated that a breakdown of the aglycone structure of DexDOX had occurred in the cytoplasm. Redox-cycling of aglycone breaks the aglycone structure down, forming semiquinone radicals which are a potent ROS, and this is the core process of DOX-mediated oxidative injuries.[@b12-dddt-12-2361] Our results demonstrate evidence of increased ROS in MCF-7 cells treated with DexDOX in parallel with the observation of a reduction in the cytoplasmic signal of DEXDOX. This suggests that the loss of DexDOX fluorescence may contribute to cellular ROS generation. The presence of ROS was detected within 15 min, a relatively early stage, following exposure to DOX.[@b36-dddt-12-2361] It was previously reported that potentiating oxidative stress of DOX can overcome the effect of efflux pump-induced resistance.[@b13-dddt-12-2361] DexDOX-induced cellular cell cycle independent apoptosis after entering cells. We speculated that the rapid action of DexDOX in the generation of ROS may be crucial for overcoming the P-gp efflux pump, which needs sufficient time to extrude the drug from cells. Therefore, the overexpression of P-gp had little effect on DexDOX cytotoxicity.

DOX is best known for its cardiotoxicity. Again, the molecular mechanisms of DOX-induced myocardial damage remain unclear. A line of evidence suggests that ROS generation contribute to myocardial injury.[@b3-dddt-12-2361] However, antioxidant treatments failed to improve myocardial damage. Of interest, a recent study showed that mice lacking the topoisomerase 2β in cardiomyocyte were resistant to DOX-induced myocardial damage.[@b37-dddt-12-2361] Since DexDOX generated oxidative stress without entering the nucleus, this molecule should be useful for further understanding the mechanism of DOX-induced cardiotoxicity.

Conclusion
==========

We have synthesized a new derivative of DOX by conjugating the dexamethasone molecule to DOX. This molecule showed potent cytotoxicity to MCF-7 cells in a manner that is different to that of DOX. Furthermore, we have shown that this molecule has the ability to escape the effect of P-gp overexpression on drug resistance and that, therefore, it may be useful for the treatment of drug-resistant tumor cells.
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![Conjugation scheme and characterization of DexDOX.\
**Notes:** (**A**) The one-pot, two-step conjugation process, first step: a reaction of DOX and 2-iminothiolane at 1:1 mole, second step: equal molarity of dexamethasone was added. The reactions were performed in DMSO at RT. (**B**) Representative image of TLC showing lane 1: DOX, lane 2: dexamethasone, lane 3: 2-iminothiolane; lane 4: reactions products; fraction A targeted products, fraction B, lane 5: DexDOX (purified fraction a), lane 6: DOX + dexamethasone. (**C**) Representative color of DexDOX and DOX in DMSO solution. (**D**) APCI mass-spectroscopy analysis of DexDOX.\
**Abbreviations:** RT, room temperature; TLC, thin-layer chromatography; APCI, atmospheric pressure chemical ionization; DOX, doxorubicin.](dddt-12-2361Fig1){#f1-dddt-12-2361}

![Cellular penetration and retention of DexDOX.\
**Note:** Flow cytometry of MCF-7 cells 2 h following incubation with DexDOX and DOX.\
**Abbreviation:** DOX, doxorubicin.](dddt-12-2361Fig2){#f2-dddt-12-2361}

![Cellular penetration and subcellular distribution of DexDOX.\
**Notes:** Representative images from video-assisted confocal microscopy showed that DexDOX entered MCF-7 more rapidly than DOX. The fluorescence signal was rapidly lost without entering the nucleus. Interestingly, pyknotic cells, which are indicative of apoptosis, were observed (arrow) after the fluorescence signal was lost. In contrast, DOX gradually diffused into cells and accumulated in the nucleus. The apoptotic cells (arrow) were observed in the later phase.\
**Abbreviation:** DOX, doxorubicin.](dddt-12-2361Fig3){#f3-dddt-12-2361}

![DexDOX-induced apoptosis independent of the cell cycle interruption.\
**Notes:** (**A**) Cell cycle analysis demonstrated that treatment with DexDOX did not induce cell cycle arrest, whereas DOX induced cycle arrest in the G2/M phase. (**B**) Representative analysis of Annexin V and PI showed that the majority of the MCF-7 cells were double-positive for Anexin V and PI following 48 h of treatment with DexDOX. In contrast, MCF-7 induced MCF-7-expressed Annexin V. (**C**) Representative images of DCFH-DA-treated cells showing sequential expression of DCF (green fluorescence) were generated from oxidization of DCFH-DA following exposure to DexDOX.\
**Abbreviations:** DCFH-DA, dichloro-dihydro-fluorescein diacetate; DOX, doxorubicin.](dddt-12-2361Fig4){#f4-dddt-12-2361}

![IC50 of DexDOX and DOX in MDR-1-overexpressing cells.\
**Notes:** (**A**) Bar graph comparing IC50s of DOX and DexDOX in control MCF-7. (**B**) MDR-1-overexpressing MCF-7 cells (\**P*\<0.05).\
**Abbreviations:** MDR, multidrug resistance; DOX, doxorubicin.](dddt-12-2361Fig5){#f5-dddt-12-2361}
